We observed significant influence of the top-electrode material on the thickness and temperature dependences of the dielectric response of single-crystalline Ba 0.7 Sr 0.3 TiO 3 thin-film capacitors. For SrRuO 3 /Ba 0.7 Sr 0.3 TiO 3 / SrRuO 3 samples, the position of dielectric maximum shifts to lower temperatures with decreasing film thickness, whereas the samples with Pt top electrodes exhibit an opposite trend. Moreover, the apparent "interfacial" capacitance, extracted from the film-thickness dependence of dielectric response, is very different for these two types of samples and strongly depends on temperature. Experimental results are analyzed theoretically in light of the depolarizing-field and strain effects on the transition temperature and permittivity of ferroelectric films. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1931063͔
Collapse of the dielectric response with decreasing thickness, which is observed in perovskite ferroelectric films like Ba x Sr 1−x TiO 3 ͑BST͒, is an obstacle to the successful integration of these materials as high-permittivity layers in future dynamic random access memories.
1, 2 The collapse is often attributed to the existence of a low-permittivity layer at the film/electrode interface ͑even though no hint from microstructure investigations exists͒. 3, 4 In this case, the measured capacitance density c eff can be represented as
where c i1 and c i2 are the contributions of the supposed interfacial capacitors at two electrodes, and b denotes the permittivity of a bulklike film. Besides the presence of a physically distinct low-permittivity layer, some other effects, such as a finite screening length of the electrode, 5 the soft-mode hardening of surface dipoles, 6 and the thickness-dependent strain relaxation 7 also result in a linear thickness dependence of c eff −1 similar to Eq. ͑1͒. Several groups reported on a strong influence of the employed electrode material on the dielectric properties of BST films. [8] [9] [10] Izuha et al. 8 found that the room-temperature dielectric response of single-crystalline BST capacitors with Pt top electrode is several times lower than that of capacitors with SRO top electrode. Although this result indicates that oxide electrodes are superior to metallic ones, Pt is one of the most promising materials for the integration of ferroelectrics with complementary metal-oxide-semiconductor technology.
In this letter, we present the dielectric measurements for high-quality single-crystalline BST capacitors with the film thicknesses ranging from 10 to 200 nm. A comparison of capacitors with Pt top electrode ͑Pt samples͒ and SRO top electrode ͑SRO samples͒, which involve BST layers of the same crystalline quality, enables us to single out and analyze theoretically the effect of an electrode material on the dielectric response of BST capacitors.
Thin-film capacitors were fabricated on commercial single-crystal ͑100͒-oriented SrTiO 3 ͑STO͒ substrates. The SRO/BST bilayers and SRO/BST/SRO trilayers were epitaxially grown in situ by pulsed laser deposition ͑see Ref. 7 for details͒. The Pt top electrode was ex situ deposited on the bilayer samples by dc sputtering. The high-quality cube-oncube epitaxial relationship between BST, SRO, and STO was proven by x-ray diffraction ͑XRD͒ -scan measurements ͓͑303͔SRO//͓303͔BST//͓303͔SRO//͓303͔STO indexed referring to the pseudocubic SRO unit cell͒. Rocking curves with a full width of 0.05°at half maximum of the BST ͑200͒ peak were measured for both Pt/BST/SRO and SRO/BST/SRO stacks, which indicate that the crystalline quality is independent on the top-electrode material. Furthermore, highresolution transmission electron microscopy investigations of SRO/BST bilayers and SRO/BST/SRO trilayers proved that no change in the BST microstructure occurs during the deposition of the SRO top electrode. 11 The strain state of the BST film at a given thickness t was also found to be the same in both capacitors. This conclusion is based on the thickness dependence of the film's out-of-plane lattice parameter a 3 determined by XRD ͑see closed symbols in Fig. 1͒ , which fits the same theoretical curve a 3 ͑t͒ for both SRO and Pt samples. This curve was calculated as described in Ref. 7 under the assumption of thickness-dependent strain relaxation by the formation of misfit dislocations at t Ͼ 10 nm.
The dielectric measurements were performed with an HP4194 impedance analyzer at 10 kHz and an oscillation voltage level of 100 mV. We measured the capacitance- Variation of the reciprocal capacitance density c eff −1 with the film thickness t at room temperature is shown in Fig. 1 by open squares and circles for the SRO and Pt samples, respectively.
14 In agreement with Eq. ͑1͒, the data obtained for both types of samples demonstrate a linear thickness dependence with a nonzero intercept, c eff −1 ͑t → 0͒ 0. The slope of this dependence is very similar for both sample series; it corresponds to thick-film permittivities 7 in the same order of magnitude ͑ ϱ SRO Ϸ 6700 versus ϱ Pt Ϸ 5700͒. However, the intercept value was found to be much larger for the Pt samples. Accordingly, the apparent "interfacial" capacitance density in the case of SRO top electrode ͑c i SRO = 1030 fF/ m 2 ͒ is about five times higher than the value derived for samples with Pt top electrode ͑c i Pt = 200 fF/ m 2 ͒. Since the thickness dependence of the BST strain state is insensitive to the top-electrode material, the difference between c i SRO and c i Pt cannot be attributed to the strain contribution described in Ref. 7 . Another contribution results from the reduction of applied electric field inside the film due to a finite screening length of the electrodes. 15 Black and Welser suggested that the interface capacitance density of the SRO electrode is about four times larger than that of the Pt electrode ͑because the lattice dielectric constant m of SRO is expected to be one order of magnitude higher͒. 5 This effect of the electrode material could explain our results for c i
SRO and c i
Pt at room temperature. We measured capacitances of the Pt and SRO samples in a wide range of temperatures T. Figures 2͑a͒ and 2͑b͒ show the temperature dependences of the apparent dielectric response ⑀ eff = c eff t / 0 obtained for samples with Pt and SRO top electrodes, respectively. Curves 1-3 here correspond to capacitors with three different BST thicknesses. It can be seen that, for all samples, a peak of the dielectric response ⑀ eff ͑T͒ appears at some temperature T m ͑t͒. With decreasing film thickness t, the dielectric peak broadens and its height decreases for both types of capacitors. However, the position T m ͑t͒ of the peak shifts with decreasing film thickness to higher temperatures for the Pt samples, whereas for the SRO ones it shifts to lower temperatures. Furthermore, the dielectric response ⑀ eff of the latter increases with decreasing thickness at temperatures below 260 K ͓see Fig. 2͑b͔͒ .
Curves 4 and the insets in Figs. 2͑a͒ and 2͑b͒ show the variations of the thick-film permittivity and the inverse of the interfacial capacitance density, which were extracted from the experimental data using Eq. ͑1͒. It should be noted that the maximum thick-film permittivity ϱ SRO ͑T m ͒ of the SRO samples appears to be more than two times higher than ϱ
Pt
͑T m ͒ of the Pt samples. 16 Moreover, the capacitances c i SRO and c i Pt exhibit opposite temperature dependences. Remarkably, the apparent interfacial capacitance c i SRO of the SRO samples becomes negative at low temperatures.
To check whether the above results can be explained by finite screening lengths of the electrodes, we analyzed the properties of ferroelectric capacitors using a simple phenomenological model. In contrast to the previous calculations, 5 we took into account that the electrode screening ability also affects the temperature T c of ferroelectric transition, which modifies the thickness dependence of dielectric response additionally. For SRO/ BaTiO 3 / SRO capacitors, a T c shift due to incomplete screening of the depolarizing field has been confirmed by first-principles calculations. 17 We modeled the film/electrode interfaces by thin lowpermittivity layers with characteristics independent of the film thickness t. Electric fields in the film and the interfacial layers can be evaluated using the continuity condition for the electric displacement. In the case of a short-circuited capacitor, a depolarizing field E dep Х −P 3 / ͑c i t͒ exists inside the film, where P 3 is the film out-of-plane polarization, and c i is the total interfacial capacitance per unit area. The influence of E dep on the transition temperature T c can be described with the aid of the nonlinear thermodynamic theory of epitaxial ferroelectric films. 18 The calculation shows that the depolarizing field affects only the second-order polarization term a 3 * P 3 2 in the expression for the film thermodynamic potential G derived in Ref. 18 . The renormalized coefficient a 3 ** is given by a 3 ** Х a 3 * +1/͑2c i t͒. Since the phase transition in BST films must be of the second order, 18 T c can be found from the condition a 3 ** = 0, which yields
where and C are the Curie-Weiss temperature and constant of the bulk material, s ln are the film elastic compliances, Q 12 is the electrostrictive constant, and S m is the misfit strain. Equation ͑2͒ shows that the depolarizing-field effect leads to a decrease of T c in thinner films, which is inversely proportional to the film thickness t and to the capacitance c i . Similar thickness dependence is displayed by the temperature T m of the dielectric maximum in our SRO samples and in Pt/ BST/Pt and La 0.5 Sr 0.5 CoO 3 / BST/ Au capacitors studied in Refs. 19 and 20. At the same time, the misfit-strain effect, described by the last term in Eq. ͑2͒, leads to an increase in the transition temperature T c with decreasing thickness in our case of BST films grown on SRO/STO, because S m is negative here and its magnitude increases in thinner films. 7 This trend is similar to the thickness dependence of the dielectricpeak position T m observed in our Pt samples and in SRO/ BST/Au capacitors investigated in Ref. 21 .
To calculate the out-of-plane permittivity 33 of an epitaxial BST film, we may use the P 4 approximation. If only the out-of-plane polarization P 3 differs from zero ͑we have S m Ͻ 0͒, 33 Х͑2a 3 ** +12a 33 * P 3 2 ͒ −1 , where a 33 * is the renormalized fourth-order coefficient. 18 At T Ͼ T c ͑t͒, when the film is in the paraelectric state, P 3 = 0 and 33 Х͑2a 3 ** ͒ −1 . Taking into account the presence of an interfacial capacitance c i during the dielectric measurements, for the sample capacitance we obtain the relation c eff −1 Х t / 33 0 ͑P 3 =0͒ +2/c i , where 33 0 is the film permittivity in the absence of the depolarizing-field effect ͑1/c i → 0͒. Below the transition temperature T c ͑t͒, P 3 2 =−a 3 ** / ͓2a 33 * ͔ so that 33 Х −͑4a 3 ** ͒ −1 and
demonstrates that the thickness dependence of the reciprocal capacitance c eff −1 can have a negative intercept. This unexpected theoretical result may explain the observed behavior of SRO/BST/SRO capacitors at low temperatures ͓Fig. 2͑b͒ inset͔. At sufficiently high temperatures, where all films in the studied thickness range of t min ഛ t ഛ t max are in the paraelectric state, the intercept must be positive, which also agrees with our data for SRO samples.
Unfortunately, Eqs. ͑2͒ and ͑3͒ cannot explain the observed behavior of Pt/BST/SRO capacitors. Indeed, since the interface capacitance density of the Pt electrode is expected to be smaller than that of the SRO one, 5 the depolarizingfield effect should be even stronger in the Pt samples, prevailing over the misfit-strain effect as well. Accordingly, Eq. ͑2͒ predicts the dielectric-peak shift to lower temperatures with decreasing film thickness, which is inconsistent with the data shown in Fig. 2͑a͒ . On the other hand, the presence of two different electrodes in the Pt samples could lead to an increase of T m in thinner films. 22 This explanation may be valid, however, only if the internal electric field is not completely compensated by the applied field in our experiments.
Since the influence of electrode material on the film permittivity is likely to result from a superposition of several different effects, the dielectric behavior of SRO/BST/SRO and Pt/BST/SRO capacitors cannot be consistently described by our model in a wide temperature range. Nevertheless, one of the most remarkable experimental results, namely, the increase of dielectric response with decreasing thickness observed for SRO/BST/SRO samples at low temperatures, can be explained by the decrease of ferroelectric transition temperature due to the depolarizing-field effect.
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